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Previewsvesicles has been reported in the range of
30 ms (Kushmerick et al., 2006; Ritzau-
Jost et al., 2014; Saviane and Silver,
2006). Midorikawa and Sakaba point out
that their TIRFM experiments were per-
formed in immature animals and at room
temperature. Furthermore, the enzymatic
dissociation of the calyx from the post-
synaptic neuron could slow down vesicle
recruitment processes. However, the
authors demonstrate that all of the inves-
tigated functional parameters in dissoci-
ated calyces were similar to previous
studies on intact calyces.
In summary, the combination of presyn-
aptic recordings, calcium uncaging, cal-
cium imaging, and high-resolution visual-
ization of single vesicles with TIRFM at
conventional active zones represents a
technical breakthrough which will serve
as a benchmark for future studies. Thisallowed Midorikawa and Sakaba to look
into the black box of vesicle recruitment,
where they found that vesicles are teth-
ered for several seconds before being
released.
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Sensory-motor reflex circuits are the basic units from which animal nervous systems are constructed, yet
little is known regarding how connections within these simple networks are established. In papers in Cell
Reports and in this issue of Neuron, Zheng et al. (2015a, 2015b) demonstrate that coordinate activities of
Hox genes in sensory neurons and interneurons govern connectivity within touch-reflex circuits inC. elegans.The diversity of animal behaviors relies on
the ability of neurons to establish selective
synaptic connections with target cells
and integrate into functionally distinct
networks. This process is facilitated by
genetic programs that define the unique
molecular features of individual neurons
within a circuit. For example, retinal gan-
glion cells acquire subtype-specific prop-
erties that are necessary within circuits
that encode for varied aspects of visual
stimuli (Sanes and Masland, 2015). In
the spinal cord, motor neurons undergo
diversification programs that enable
them to selectively target peripheral mus-
cles and engage with local and supraspi-
nal networks involved in walking andbreathing (Catela et al., 2015). Resolving
the genetic mechanisms underlying con-
nectivity within sensory and motor sys-
tems in vertebrates has been challenging,
due in part to the large number of neuronal
subtypes involved, and the complexity of
their interconnections.
The relatively simple nervous system
of the nematode C. elegans has been
instrumental in elucidating the basic
programs underlying neuronal subtype
specification and connectivity. The line-
age, morphology, and synaptic partners
of each of the 302 neurons in C.elegans
are well characterized, and many key
neuronal fate determinants have been
identified (Hobert, 2010). In C. elegans,distinct sensory-motor circuits mediate
forward and backward escape move-
ments in response to posterior and ante-
rior light body touch, respectively. While
the wiring diagrams for these circuits
have been described (Schafer, 2015),
the rules that govern their assembly are
not well understood.
In C. elegans six touch receptor sen-
sory neurons (TRNs) mediate responses
to light touch. TRNs diversify into four
subtypes, including two bilaterally sym-
metrical pairs that arise during embryo-
genesis: anterior ALM and posterior PLM
neurons. ALM neurons mediate back-
ward movement in response to sensory
stimuli, while PLM neurons facilitateNovember 4, 2015 ª2015 Elsevier Inc. 437
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Figure 1. Hox Genes Govern the Assembly of a Touch-Reflex Circuit in C. elegans
(A) Summary of defects in TRN development in indicated mutant and transgenic lines. Deletion of the
posterior Hox gene egl-5 results in a PLM to ALM transformation, including cell body displacement (black
arrowhead), while egl-5 overexpression imposes a PLM fate on ALM neurons (white arrowhead). Rfip-1
mutants show shortening of the posterior PLM neurite, similar to egl-5 deletion, but cell body position is
unaffected. A partial list of differentially expressed genes in ALM and PLM is shown on the right.
(B) Genetic interactions between Hox, Hox cofactors, and target effectors during PLM differentiation.
(C) Diagram of circuits controlling forward and reverse movement in response to posterior and anterior
touch respectively. PLM to PVC functional connectivity requires egl-5. SN, sensory neuron; IN, inter-
neuron; MN, motor neuron.
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Previewsforward movement (Figure 1). Both ALM
and PLM neurons share common fea-
tures, such as expression of ion channels
required for mechanosensation, but also
acquire subtype-specific characteristics
that allow them to integrate into separate
circuits. ALMneurons are located subdor-
sally and have a single anteriorly directed
neurite, while PLM neurons are located
subventrally and extend both an anterior
and a shorter posterior neurite. While
much is known about how TRNs acquire
core features of their identity (Bounoutas438 Neuron 88, November 4, 2015 ª2015 Elsand Chalfie, 2007), how their subsequent
diversification is achieved is less clear.
Zheng et al. (2015a) demonstrate that
the posterior Hox protein egl-5 is a key
determinant of PLM subtype identity,
and acts to diversify TRN identity from
an ALM-like ground state.
Hox genes are essential for the devel-
opment of numerous neuronal cell types
within the vertebrate hindbrain and spinal
cord (Philippidou and Dasen, 2013); how-
ever, their contributions to circuit compo-
sition and connectivity have remainedevier Inc.somewhat elusive. C. elegans has six
Hox genes, four of which are expressed
by TRN neurons. Both ALM and PLM neu-
rons share expression of the anterior ceh-
13/Lab1/Hox1 gene, while three posterior
genes related to the Drosophila Hox gene
AbdB (egl-5, php-3, and nob-1) are
uniquely expressed in PLM neurons.
Zheng et al. analyzed mutants for each
of theseHox genes and found that the po-
sition and morphology of ALM neurons
was not significantly changed. By
contrast, loss of the posterior Hox gene
egl-5 dramatically altered both the posi-
tion and morphology of PLM neurons. In
the absence of egl-5, PLM neurons lose
their posteriorly directed neurite and
adopt the unipolar morphology of ALM
neurons, while their anterior neurites
now branch closer to the cell body, and
PLM cell bodies are positioned more
dorsally (Figure 1A). These defects could
be rescued by expression of egl-5 in
TRNs, indicating that egl-5 functions
cell-autonomously to specify PLM iden-
tity. This conclusion is further supported
by experiments in which the authors
ectopically expressed posterior Hox
genes in all TRNs, using the TRN-specific
mec-3 promoter. Both php-3 and egl-5
imposed a PLM-like morphology on ALM
neurons, with egl-5 also altering the
position of ALM neurons to resemble
that of PLM neurons. Interestingly, misex-
pression of anterior Hox genes fails to
override the egl-5-dependent posterior
differentiation program. These observa-
tions are reminiscent of classic studies
on rostrocaudal patterning in Drosophila
and vertebrates, which demonstrated
that posterior Hox genes can dominate
the activities of more anterior ones—a
feature termed posterior prevalence (Du-
boule and Morata, 1994).
In vertebrates and flies, Hox proteins
typically require the activities of DNA-
binding cofactors to selectively interact
with gene targets. These cofactors
include the homeodomain proteins Pbx/
Exd and Meis/Hth, collectively known as
three-amino acid loop extension (TALE)
proteins (Moens and Selleri, 2006). Sur-
prisingly, the C. elegans homologs, ceh-
20 (Pbx) and unc-62 (Meis), are not
expressed in PLM neurons and do not
seem to be required for egl-5 activity.
Moreover, egl-5 suppresses expression
of TALE cofactors in PLM neurons, which
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Previewsare normally present in ALM neurons
(Figure 1B). Deletion of egl-5 leads to an
upregulation of ceh-20 and unc-62 in
PLM neurons, while egl-5 misexpression
suppresses their expression in ALM neu-
rons. Unc-62 misexpression can partially
suppress PLM differentiation induced
by egl-5 and this action appears to be
Hox-independent. These observations
suggest that TALE cofactors repress
Hox gene expression independently of
their interactions with Hox proteins.
While mutations in Hox genes have
been shown to result in neuronal specifi-
cation, migration, and connectivity de-
fects, it has historically been difficult to
pinpoint the downstream effectors of their
actions. To identify egl-5 targets, the au-
thors performed a mutagenesis screen
in animals overexpressing egl-5 in TRNs
and searched for mutants with short
PLM posterior neurites. This approach
led to the identification of rfip-1, a mem-
ber of the Rab11 Family Interacting Pro-
teins (Rab11-FIP). Mutations in rfip-1
result in shortening of the PLM posterior
neurite, while overexpression of rfip-1
rescues the neurite extension phenotype
of egl-5 mutants. These observations
provide compelling evidence that rfip-1
is a major egl-5 effector governing poste-
rior neurite outgrowth. Using a reporter
construct containing a short region of
the rfip-1 promoter fused to GFP, the
authors further demonstrate that rfip-1 is
preferentially expressed in PLM neurons
and is under the transcriptional control
of egl-5.Rfip-1misexpression is sufficient
to induce posterior neurite growth in ALM
neurons, further supporting a dominant
role in mediating neurite outgrowth.
Intriguingly, Rfip-1 appears to exert
its effects through binding to the small
GTPase Rab11, a protein specifically
associated with recycling endosomes.
Recycling endosomes have been shown
tomediate axonal anddendritic outgrowth
in neurons through protein trafficking and
membrane addition (Sann et al., 2009).
This is the first demonstration that the
endosomal recycling pathway is regu-
lated by Hox proteins, providing a novel
example of how a cell fate determinant
can co-opt cellular machinery to control
neuronal morphology and connectivity
during development.
While rfip-1mediates one aspect of egl-
5 function, additional downstream targetsare necessary to complete PLM differenti-
ation. The authors combined a database
search with expression reporter assays
to identify genes that are differentially
expressed in ALM and PLM neurons.
Besides TALE cofactors, four other genes
were identified; the microRNA mir-84 was
preferentially expressed in ALM neurons,
while the transcription factor tag-97 and
the gap-junction innexin proteins inx-3
and inx-13 were only expressed in PLM
neurons. Despite their differential expres-
sion, mutations in the identified genes had
no impact on ALM or PLM morphology
but conceivably could exert roles in other
aspects of TRN differentiation.
In addition to regulating TRN subtype-
specific targets, Hox genes also appear
to be essential for the robust activation
of genes common to both ALM and
PLM neurons. In an accompanying study,
Zheng et al. show that Hox proteins
contribute to the acquisition of shared
TRN features by facilitating expression
of the terminal selector gene, mec-3
(Zheng et al., 2015b). Collectively, these
two studies underscore the importance
of cell-type-restricted factors in coordi-
nating the regulation of genes that are
both shared and specific to neuronal sub-
types within a given class.
A significant roadblock in elucidating
the genetic programs underlying neural
circuit assembly has been defining how
the acquisition of a subtype identity con-
tributes to the integration of a neuron into
a given circuit. It has been hypothesized
that matching Hox protein expression
could provide one means through which
neurons within the same circuit wire up
together. Zheng et al. provide evidence
in support of this idea. In the posterior
touch circuit, PLM neurons establish elec-
trical connections with PVC interneurons
and in the absence of egl-5 the activity of
this synapse is abolished (Figure 1C).
The authors confirmed previous findings
demonstrating a cell-autonomous func-
tion for egl-5 in PVC interneuron develop-
ment (Chisholm, 1991). They further
show that egl-5 is required in both
PLM sensory neurons and PVC interneu-
rons for posterior touch sensitivity. The
inability of egl-5 mutants to respond to
touch is not a result of decreased mecha-
nosensation by TRN neurons, but rather
the failure to form functional connections
with PVC interneurons. Using several ap-Neuron 88,proaches, including calcium imaging
and optogenetics, the authors elegantly
demonstrate that despite a preservation
of the force sensitivity of PLM neurons in
egl-5 mutants, PLM activation fails to
trigger a behavioral response even
after restoring egl-5 expression in PVC
interneurons.
Unexpectedly, egl-5 does not appear
to control circuit activity by regulating
axon guidance or target recognition, but
rather by facilitating the functionality of
PLM-PVC synapses, through an unknown
mechanism. In egl-5 mutants, PLM neu-
rons contact PVC interneurons at the cor-
rect position and are able to cluster gap
junction proteins, yet the synapse remains
non-functional. Egl-5 misexpression in
ALM neurons is not sufficient to alter
their functional connectivity with PVC in-
terneurons. Interestingly, ALM sensory
neurons also contact PVC interneurons
but form inhibitory chemical synapses
instead of excitatory gap junctions.
This provides further evidence that, rather
than influencing target recognition, egl-5
is likely acting at the level of
synaptogenesis.
Several findings in the study of Zheng
et al. significantly advance our under-
standing of Hox function during neural
circuit assembly. The identification of
rfip-1 as a Hox effector reveals a novel
pathway for neurite extension involving
an endosome recycling pathway. Impor-
tantly, this is the first study to demon-
strate a matching of Hox gene expression
in components in the same circuit to facil-
itate functional connectivity. Whether this
principle holds true for neural circuits
within the vertebrate CNS remains to be
explored. The majority of the 39 verte-
brate Hox genes are expressed in a
large variety of sensory, motor, and inter-
neuron classes. While Hox genes appear
to have important roles in the develop-
ment of primary sensory neurons (Guo
et al., 2011), as well as hindbrain somato-
sensory neurons (Bechara et al., 2015),
whether a Hox-based matching system
is at work within vertebrate sensory-
motor circuits remains to be fully tested.
It is exciting to speculate that the speci-
ficity of connections within sensory and
motor circuits is mediated through the
coordinate activities of Hox transcription
factors working within multiple neuronal
classes.November 4, 2015 ª2015 Elsevier Inc. 439
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The nucleus accumbens regulates consummatory behaviors, such as eating. In this issue of Neuron, O’Con-
nor et al. (2015) identify dopamine receptor 1-expressing neurons that project to the lateral hypothalamus as
mediating rapid control over feeding behavior.Survival is dependent on balancing con-
flicting needs by identifying opportunities
to obtain palatable food while avoiding
noxious food or acute threats such
as predators. Homeostatic energy bal-
ance controls food-seeking behaviors
over long timescales, but food consump-
tion also must be regulated on a momen-
tary basis. Eating is elicited by environ-
mental cues that signal food availability
(Weingarten, 1983), and it is equally impor-
tant that feeding has a rapid braking
system to prevent consumption during
dangerous circumstances. This function
appears tobemediatedby thenucleusac-
cumbens shell (NAcSh), which is a ventral
part of the striatum that has been referred
to as a ‘‘sensory sentinel’’ for consumma-
tory behavior (Kelley et al., 2005).
Pharmacological suppression of neuron
activity in the NAcSh induces robust food
consumption (Stratford and Kelley, 1997),
and activation of the nucleus accumbens
suppresses food intake (Kandov et al.,
2006). Correspondingly, palatable andaversive tastes inhibit and activate neu-
rons in the NAcSh, respectively (Roitman
et al., 2005). Taken together, these studies
indicate that a subset of NAcSh neurons
detect foul food, increase firing rate, and
inhibit feeding. Conversely, rewarding
stimuli, such as sweet tastes, inhibit
NAcSh neurons and promote food intake.
In this issue of Neuron, O’Connor et al.
(2015) identify a molecularly defined cell
type in the NAcSh that vetoes food con-
sumption. The NAcSh is comprised of two
major classes of projection neurons that
are defined by expression of dopamine re-
ceptor 1 (D1R) or dopamine receptor 2
(D2R). The authors performed in vivo elec-
trophysiological recordings of D1R and
D2R neurons in the NAcSh. For cell-type
identification, they combined extracellular
recordingswith cell-type-selective expres-
sion of channelrhodopsin-2 in each neuron
population in order to identify single units
showing light-evoked responses that cor-
responded to spike waveforms observed
under natural conditions. NAcShD1R neu-rons reduced action potential firing
during consumption of a sucrose solution,
while the activity pattern of NAcShD2R
neurons was mostly unchanged. Corre-
spondingly, in optogenetic behavioral
experiments, they found that photo-
inhibition of NAcShD1R neurons increased
feedingbouts.Neuroanatomyexperiments
showed that 40% of NAcShD1R neurons,
but only 5% of NAcShD2R neurons, send
projections to the lateral hypothalamus
(LH), a brain regionwell established to elicit
food consumption. O’Connor et al. (2015)
examined the behavioral consequences
ofactivityperturbationsofaxonprojections
to this brain area, finding that inhibition
of NAcShD1R/LH axon projections
increased eating. Inhibition of this circuit
also reduced the ability of a distractor to
interrupt feeding, demonstrating that
NAcShD1R/LH (but not NAcShD2R/LH)
fulfills the predicted role as ‘‘sensory
sentinel.’’ Conversely, selective photoacti-
vationof these neurons and their projection
to the LH stopped consumption of a
